During daily care, laboratory animals are exposed to a variety of sounds which may have effects on welfare and also cause physiological and behavioural changes. So far, almost no attention has been paid to individual sounds or the sound level caused by animal care or the sound level inside the animal cage. In this study, sounds from selected rat care procedures were recorded: pulling cage out of the rack, placing it onto a table and replacing the cage back into the rack; with measurements made inside the rat cage and in the adjacent cage. Diet was poured into the food hopper and sounds were recorded inside the cage and also the adjacent cage. The work was repeated in a calm and also in a hurried style, using stainless steel and polycarbonate cages. Finally, the sounds produced by running tap water were recorded. Differences between rat and human hearing were compared using novel species-specific sound level weightings: R-weighting for rats dB(R) and H-weighting for human dB(H). Hurried work with steel caused sound exposure levels exceeding 90 dB(R) when the cages were placed into the rack and about 80 dB(R) when pulling them out of the rack or placing onto a table. With polycarbonate, the levels were 10-15 dB(R) lower. Unhurried calm working produced lower sound exposure levels than hurried working in many procedures. When the procedures were repeated with measurements in the adjacent cage, the sound exposure levels were lower, but the results were similar. Pouring food pellets into a hopper above the rat's head caused 15 dB(R) higher sound exposure levels than pouring food to an adjacent cage. In general, humans hear these sounds about 10-15 dB louder than rats. In conclusion, cage material, working style and hearing sensitivity all have an impact on the sound exposure level in the rodent cage. With correct working methods, high sound levels can be efficiently avoided in most cases.
. Furthermore, in rats, the development of the auditory cortex is delayed if the animal is exposed to a continuous moderate-level noise (Chang & Merzenich 2003) . One of the earliest behavioural findings was that sound exposure evoked an increase in the washing and grooming activity (Anthony et al. 1959) . Locomotor activity may change (Sales 1991) and sounds can induce specific reactions, such as acoustic startle (Hoffman & Fleshler 1963 , Fleshler 1965 , Ison & Russo 1990 , freezing (Anthony et al. 1959 ) and orientation (Kelly et al. 1987 , Brudzynski & Chiu 1995 . These reactions have later been combined into a classification system (Voipio 1997) .
The acoustic environment in laboratory animal facilities has been studied and characterized by several groups. Sounds are produced especially during working hours during animal care activities (Fletcher 1976 , Pfaff & Stecker 1976 , Sales et al. 1989 . Sound levels vary between the night and daytime, and between weekdays and weekends, for example the background noise in animal rooms is below 50 dB(A) during the night, but during working hours it can exceed 100 dB(A) (Peterson 1980) . Several animal care procedures cause these sounds with varying frequencies and loudness levels. The overall sounds in animal facilities have been measured by Sales and her co-workers who also measured sounds above the human auditory threshold, ultrasounds above 20 kHz (Sales et al. 1988 , 1989 .
Animal care activities such as cleaning, changing cage grids, addition of food pellets, running tap water and animal transport all cause sound pressure levels between 60 and 80 dB. Many of the procedures generate sounds at ultrasonic frequencies, such as the addition of food pellets into wire-topped cages, which elicits sounds at intensities of between 50 and 80 dB at 10-100 kHz. Ultrasound levels are also high when tap water is running into a sink. Cage material can influence the sound levels in rabbit cages, e.g. steel cages lead to as much as 20 dB higher sound levels than plastic cages. Furthermore, washing machines and laboratory apparatus emit sounds over a wide range of frequencies. Moreover, the animals generate noise themselves and there is variation between different animal species. Rodents elicit sound levels at 40-50 dB, whereas rabbits are more noisysound levels of 80 dB have been recorded in metal cages (Sales et al. 1989 (Sales et al. , 1999 .
In sound studies, either with animals exposed to sounds or when environmental sounds are being measured, the exposure stimuli or sounds recorded are usually expressed as linear dB(lin) or A-weighted dB(A). However, using these calculations, the sound level covers the whole range of frequencies (linear weighting) or those frequencies based on human hearing and which are used in human sound studies (Aweighting). In animal experiments, this may lead to a bias since the effects of speciesspecific hearing sensitivity are not being taken into account.
Hearing sensitivity varies between different animal species (Brown & Pye 1975) and even within species at different frequency levels (Kelly & Masterton 1977) . Consequently, different species may hear the same sound at a different sound level. To correct for this phenomenon, a specific sound pressure level weighting was calculated according to the hearing sensitivity of the rat (Voipio 1997 , Bjö rk et al. 2000 . Only after appropriate corrections of the sound levels, is it possible to compare the environmental sounds and their effects on the species in question.
Daily, routine animal care exposes animals to a variety of sounds during their entire life. Several factors may affect the sound generation during these procedures, such as the working procedure itself, the materials used and the style of work. This study was designed to assess levels of sounds caused by animal care work. Two commonly used cage materials, stainless steel and polycarbonate, were studied and two types of working styles were included. For the final evaluation, the R-weighting for rats dB(R) and H-weighting for humans dB(H) (Bjö rk et al. 2000) were used to assess whether Laboratory Animals (2006) 40 rats and humans hear these sounds differently.
Methods

Preliminary study
In a preliminary study, the sounds to be recorded and evaluated were chosen based on the observations of experienced animal technicians. Five technicians listed sounds they subjectively assessed as being most noisy or disturbing to rats in their routine daily animal care work. All the technicians listed the same group of sounds:
(1) Sounds produced by changing cages:
pulling the cage out of the rack, placing it on the table, pouring diet into a food hopper and replacing the new cage back into the rack.
(2) Sounds produced by moving racks while cleaning the room. (3) Sounds produced by cleaning the room, especially running tap water.
Based on the list, three entities of animal care work were chosen for evaluation in the preliminary recordings:
(1) Adding diet to the food hopper and changing water bottles. (2) Changing cages.
(3) Cleaning the animal room.
In the first procedure, a feed container and stainless steel table with water bottles were transported to the animal room. Bottles were removed from the cage hoppers and new bottles were placed onto the lids. Finally, diet was added into the food hopper. In the second procedure, rat cages were pulled out of the rack, placed on a steel table, diet was poured into a clean cage hopper in the cage, and the clean cage was placed back on the rack. The third procedure included running of tap water, moving racks, wiping floor and walls, and washing the cleaning equipment with pressurized water. All the procedures were performed by three animal technicians, and recorded with the same equipment as used in the main study.
Sounds in the main study
Based on the preliminary recordings, a total of seven animal care procedures were chosen for the sound recordings:
(1) Pulling cage out of the rack (2) Placing cage onto a table (3) Replacing cage back into the rack (4) Pulling an adjacent cage out of the rack (5) Replacing an adjacent cage back into the rack (6) Pouring diet into the food hopper and an adjacent food hopper (7) Running tap water into a stainless steel sink.
The main criteria for the choice were the regularity of these sounds in the rat's life, at least once or twice weekly, and the loudness level expected to occur inside the cage. Special attention was paid to the ultrasounds and those sounds known to be harmful to rats, i.e. white noise type sounds (Voipio 1997) .
Sound recordings
In the preliminary study, all the procedures were performed by three animal technicians, but in the main study by a single technician. The sounds were recorded with a sound level meter (Bruel & Kjaer s , 2235, Naerum, Denmark) using a Bruel & Kjaer s microphone (4133, frequency response 20-40 kHz, Naerum, Denmark). The sounds were recorded on an instrumentation recorder (Racal s V-Store instrumentation recorder, Racal Recorders Ltd, Southampton, UK) to videotapes (BASF Video Broadcast VHS E 180 SHG, Mannheim, Germany).
In the first group of recordings (procedures 1-3: pulling cage out of the rack, placing it onto a table and replacing it back into the rack), the microphone was placed inside the cage. In the second group (procedures 4-5: pulling an adjacent cage out of the rack and replacing an adjacent cage back into the rack), the microphone was inside the cage and the working procedures were done with the cage at the same level next to the microphone cage in the rack. During the recording, the top of the microphone was directed towards each corner of the cage and the recording was repeated twice using each microphone position: thus, there were eight recordings obtained from each procedure. All these recordings were performed using solid bottom stainless steel and polycarbonate rodent cages (37.5 cm Â 21.5 cm Â 15.5 cm) with a normal amount (0.9 l) of aspen chip bedding (Tapvei Oy, Kaavi, Finland) in the cages. The position of the cages was in the centre of a rack for 25 suspended cages. All the recordings were performed in the same animal holding room.
The working procedures were repeated in two different styles: calm and hurried. When working in a calm style, the technician tried to work as quietly as he could, however at a reasonable speed, whereas in the hurried style, the technician worked rapidly not deliberately trying to avoid making noise.
In the third group of recordings (procedure 6), 0.3 l pelleted rat food (R 36, Lactamin, Stockholm, Sweden) was poured into an empty food hopper of the cage with a microphone inside and into the food hopper of the cage beside the microphone cage. Food was poured from a height of 8 cm measured from the bottom of the hopper. The cages were placed on the stainless steel table close to each other simulating the real situation when the rat is in one of the cages and food is poured into the food hopper. Again, the recordings were repeated twice with the microphone being directed towards each corner. Both stainless steel and polycarbonate cages were used. The procedure with the polycarbonate cage is shown in the Figure 1 .
The last recording (procedure 7) was done while tap water was running into a stainless steel basin. The microphone was set in the stainless steel cage in the middle of the cage rack at 1 m distance of the basin.
Sound analyses and data processing
The recordings were analysed with the SpectraPLUS program (FFT Spectral Analysis System Program, version 3.16, Sound Technology Inc, Campbell, CA, USA) with spectral resolution of one-third-octave in the range 100-40, 000 Hz by using 1 2 speed playback. In the sound exposure level calculations, R-weighting and H-weighting were used. These weightings are based on the audiograms and hearing thresholds of the rat and human. Each audiogram is divided into one-third-octave bands that are awarded either a positive or negative value compared to the reference level, i.e. 20 mPa. With this calculation, it is possible to omit the energy of those bands which are not within the hearing range of either the rat or humans -if one uses linear sound pressure levels, also these bands would be calculated into the final sound pressure level often leading to excessively high, and thus incorrect, dB values. The basis of the weightings and the numerical values are described in more detail by Bjö rk et al. (2000).
The root-mean-square (RMS) one-thirdoctave spectra of each sound sample was analysed from the start to the end of the individual working procedure, and the sound exposure levels (i.e. the equalized continuous sound pressure levels normalized to one second) were calculated. The one-third-octave sound exposure levels (L Ei ) were weighted according to the R-weighting for rat hearing sensitivity and to the H-weighting for human hearing sensitivity before the total weighted sound exposure levels (L EW ) were computed on the energy bases. In the equation used, W means Laboratory Animals (2006) 40 Animal care noise 403 Figure 1 Food is poured into the food hopper. The sound level meter with the microphone covered with a black, round protective covering is set inside the polycarbonate cage the weighting R or H and n the number of octave bands:
The statistical program SPSS for Windows, Release 9.0 (SPSS Inc, Chicago, IL, USA) was used. Mann-Whitney U-test was used in comparisons between different cage materials, working styles and pouring food. R-and H-weighted sound exposure levels from each procedure were compared by using Wilcoxon matched pairs signed rank test.
Results
Pulling the cage out of the rack caused sound exposure levels between 66 to 85 dB(R) depending on the cage material and working style. Stainless steel cages caused significantly higher sound exposure levels than polycarbonate, but there was no difference between calm and hurried working with either of the materials. Calculating for rat and human hearing resulted in differences in procedures done with both cage materials and both working styles (Figure 2) . As a common trend, Hweighted sound exposure levels were about 10 dB higher than those with R-weighting, in the range 79-97 dB(H).
When the cages were placed on a table, there were no differences between cage materials but the working style did have a significant effect. A calm working style with polycarbonate caused a sound exposure level of about 60 dB(R) but when done in a hurry it evoked 75 dB(R), with steel the corresponding sound exposure levels were about 67 and 78 dB(R). Again, when the rat and human hearing was compared, the sound level in the human ear was about 15 dB higher than would have been heard by rats (Figure 3) .
Replacing the cage back into the rack generated very high sound exposure levels while working with steel cages in a hurried style; the sound exposure levels were as high as 93 dB(R) and 102 dB(H). There were about 10-15 dB(R) differences with both materials between calm and hurried working, and the steel cages were about 15 dB noisier than the polycarbonate cages. The differences in human and rat hearing were especially marked with polycarbonate cages, and also working with steel cages generated about 10 dB higher sound exposure levels in humans than in rats (Figure 4) .
When the same procedures were performed in adjacent cages, the sound exposure levels were lower, but the differences were similar. Pulling the adjacent cage out of the rack caused varying sound exposure levels, i.e. polycarbonate cages 53-58 dB(R) and steel 72-74 dB(R), depending on the working style. Again, the difference between cage materials was significant with both ways of working, and R-weighting gave over 10 dB lower sound exposure level than H-weighting. The results are shown in Figure 5 . Figure 2 A comparison of the weighted sound exposure levels dB(R) and dB(H) (median with lower quartile and upper quartile) while pulling polycarbonate (PC) and stainless steel (steel) cages out of the rack using either calm or hurried styles of working (n ¼ 8). Significant differences between the weighted sound levels within each procedure: Ã Po0.05, ÃÃ Po0.005. The table below the figure shows significant differences with both weighted sound levels between calm and hurried working styles in both cage types and the differences in both styles of working The noise made by replacing an adjacent cage back into the rack differed in all comparisons. The sound exposure level was about 52 dB(R) while working with a polycarbonate cage in a calm style and 70 dB(R) in a hurried fashion, the corresponding numbers with steel being 69 dB(R) and 80 dB(R). If rat and human hearing were compared, humans would hear all the sounds at over 10 dB higher sound intensity ( Figure 6 ).
When food pellets were poured into the food hopper, the sound exposure levels produced were about 17 dB(R) (polycarbonate) and 16 dB(R) (steel) higher compared with those produced by pouring the diet into the adjacent food hopper. Humans hear all these sounds louder than rats (Figure 7) .
There were no differences between the sound exposure levels produced by running tap water: the levels measured inside the rat cage at 1 m distance from the tap were about 65 dB(R) and 66 dB(H).
Discussion
Even in a standardized environment, laboratory animals are exposed to a variety of sounds in the course of their routine daily life. Thus, several investigators have examined the acoustic environment inside laboratory animal facilities. They have assessed the sources of common sounds produced by animal care, and they have noted that sound levels vary according to the time of day and the day of the week (Sales et al. 1989) . This present study focuses on sound levels within a rat cage produced by the care procedures carried out either daily or weekly. Even though many activities are of short duration, they are repeated often and thus, may be more relevant to animal welfare than sounds produced accidentally. Figure 4 A comparison of the weighted sound exposure levels dB(R) and dB(H) (median with lower quartile and upper quartile) while replacing polycarbonate (PC) and stainless steel (steel) cages back into the rack using either calm or hurried styles of working (n ¼ 8). Significant differences between the weighted sound levels within each procedure: Ã Po0.05. The table below the figure shows significant differences with both weighted sound levels between calm and hurried working styles in both cage types and the differences in both styles of working In this study, the new species-specific Rand H-weightings were used to calculate the sound exposure levels to allow us to make a comparison between how the sounds were heard by humans and rats. In most sound studies, the results have been expressed as A-or linear-weighted sound levels, which do not always give relevant results. This difficulty has been noted, and consequently linear weighting was adopted to avoid the bias with A-weighting (Sales et al. 1999) . However, in linear weighting, all the frequencies are included into the final sound pressure level, and therefore it is most likely that the sound pressure levels will be higher than the specifically weighted levels. The problem with different hearing abilities has also been emphasized by Turner et al. (2005) who in their overview article have recommended that the hearing range of the animal species or strain should be recognized in work with laboratory animals.
In our earlier study, a specific weighting was calculated based on the hearing abilities of rats (Voipio 1997 , Bjö rk et al. 2000 . Furthermore, because the A-weighting used in human sound experiments is not as strictly based on human hearing as Rweighting in rats, a new H-weighting for humans was calculated and used (Bjö rk et al. 2000) . The use of these sound level weightings gives better estimates of sound levels in both rat and human ears.
There are only a few studies available comparing the sound levels in steel and polycarbonate cages, but it is commonly believed that steel cages produce more noise than plastic. This has been shown by Sales et al. (1989) in recordings with rabbit cages. Despite the lack of experimental data, some Figure 6 A comparison of the weighted sound exposure levels dB(R) and dB(H) (median with lower quartile and upper quartile) while replacing the adjacent polycarbonate (PC) and stainless steel (steel) cages back into the rack using either calm or hurried styles of working (n ¼ 8). Significant differences between the weighted sound levels within each procedure: Ã Po0.05. The table below the figure shows significant differences with both weighted sound levels between calm and hurried working styles in both cage types and the differences in both styles of working recommendations for animal maintenance do mention the noise generated by steel as one of its disadvantages (Jennings et al. 1998) . This recommendation seems to be based more on human than animal hearing. One of the aims in this study was to compare the sound levels produced by these different cage materials, i.e. polycarbonate and stainless steel. Furthermore, comparison of two different ways of working -in a calm, quiet way and in a hurried, noisy way -was made.
Not surprisingly, the sound exposure levels indeed were higher with steel than with polycarbonate cages in some procedures. There were no significant differences when cages were placed onto a table and when the diet was poured. With the other procedures, working with steel was between 10-19 dB(R) noisier than polycarbonate. These differences are relatively large, and in this respect place stainless steel into second place when the advantages of the materials are ranked. On the other hand, when rat and human hearing are compared, it can be seen that in all cases, the H-weighted sound exposure levels are significantly higher than R-weighted. This difference ranges from about 10 dB to nearly 20 dB, meaning that although animal care personnel note that working with steel is noisy, the rats do not hear the noise to the same degree.
The diet pouring part of this study was based on experiences from practical work showing that pouring food pellets to a food hopper leads to quite high sound levels: this was also noted in the preliminary study. The daily routine can be accomplished either by first moving the rat to a clean cage and adding food afterwards, or vice versa. This study shows that these two working methods differ significantly. When food pellets are poured into the hopper above the rat's head, the noise produced is about 17 dB(R) higher than the same sound when heard from the adjacent cage. Although humans hear this sound even 10 dB louder than rats, at nearly 100 dB(H), the Rweighted sound pressure level is still about 90 dB(R). It is very easy to alleviate this noise level by simply changing the working method, and indeed, it is advisable to first pour the food and then put the rat into the cage. The recommendation to minimize noise resulting from daily maintenance is confirmed also in the article by Turner et al. (2005) who, however, based their recommendations on the studies where either A-weighted or linear sound levels have been used in their calculations.
It has been shown that running water produces a broad spectrum of sound frequencies with some even in the ultrasonic range (Sales et al. 1989) . In this study, pouring water into a steel basin caused similar sound exposure levels with both weightings, i.e. about 65 dB(R) and dB(H) when the sound was measured inside the animal cage from 1 m distance. This sound level is similar to that measured by Sales et al. (1989) . The equipment in our experiment was able to record sound at up to 40 kHz, and it is thus possible that the true R-weighted sound exposure levels may be higher -this same problem might have been Figure 7 A comparison of the weighted sound exposure levels dB(R) and dB(H) (median with lower quartile and upper quartile) while pouring diet into the food hopper in the measuring cage or in the adjacent cage (n ¼ 8). Significant differences between the weighted sound levels within each procedure: Ã Po0.05, ÃÃ Po0.005. The table below the figure shows significant differences with both weighted sound levels between the hopper location in both cage types present in all the recordings in this study. However, according to the sound spectra of all the sounds recorded, it seems that the sound level strongly attenuates as it moves towards higher frequencies and it is likely that actually, any sounds above 40 kHz, if they were present, cannot be significant.
Routine animal care work in rodent rooms creates high sound levels: with individual procedures leading to noise intensities over 90 dB(R), i.e. the noise occurring during pouring diet and replacing the cage to the rack. Working with the cage while animals are kept inside clearly exposes animals to higher sound levels than can be achieved by working with the adjacent cage; but even this latter situation in some cases may cause sound exposure levels ranging from 70 to 80 dB(R). All these sounds occur regularly in animal rooms and changing of cages and racks may take several hours at a time. In practice, although the working procedure is done repeatedly to each cage, the individual procedure can be short and there can occasionally be sudden noises, e.g. when pouring the diet to the food hopper. In a recent study, it has been concluded that though rats adapt to sounds after repeated stimuli, the adaptation memory is short and the same type of sound causes a similar response again even as soon as the next day. Furthermore, many high level sounds elicit behaviour responses which can be classified as fear reactions, and white noise type sounds do so at even lower levels (Voipio 1997) .
Our interest and analyses were focused on the care procedures causing noise. It is evident that working with steel cages and other steel material in many cases causes more noise than working with plastic and it can be assumed that at least some of these sounds disturb animals more than sounds from more quiet equipment. However, it is also true that even low sound levels may evoke reactions in animals (Voipio 1997 ). The precise analysis of the sound spectra helps this assessment, but to achieve the ultimate answer to the question, how rats will react to particular sounds may require a behavioural study. A closer look at the sliding surfaces of suspended cages and contact between cage body and hopper could provide information on how unnecessary noise, albeit short lived, could be attenuated.
In this study, work was repeated using two styles: calm and hurried. There were differences with these working methods in many procedures, and calm work produced lower sound exposure levels than hurried work. This suggests that the style of working is important, irrespective of what material is being used, and it is essential to emphasize to animal care personnel that hurrying, banging and working in a noisy manner may cause unnecessary disturbance to animals. The technique is especially important when pouring diet into food hoppers. All the procedures were performed by one animal technician and it is likely that there will be differences between individual technicians doing the daily routines. Despite the possible differences between caretakers, we assume that these results are applicable when estimating the working sounds and giving advice to the workers. Furthermore, this study shows that humans hear many of the sounds caused by animal care work differently, in most cases louder, than rats. Although occupational health problems are important in animal units, the assessment of welfare of the animals should be based on the animals' own senses, such as their own hearing.
In conclusion, cage material, working style and hearing sensitivity all impact on the sound pressure level in the rodent cage. With the correct working methods, excessive sound levels can be effectively avoided in most cases.
